RESEARCH
A sian cultivated rice (Oryza sativa L.) is an important cereal crop for world food security and nutrition, particularly for developing countries (Khush, 2001 (Khush, , 2005 Vaughan et al., 2008a) . During the thousands of years since its domestication, Asian rice has been cultivated under signifi cantly diverse agro-ecological systems to meet diff erent human demands (Zong et al., 2007; Vaughan et al., 2008a Vaughan et al., , 2008b . This has resulted in tremendous genetic diversity in rice around the world, as shown by diff erent molecular tools such as the analysis of restriction fragment length polymorphisms (Zhang et al., 1992) , simple sequence repeats (SSRs; Lu et al., 2002) , and genome-wide single nucleotide polymorphisms (Zhao et al., 2010) . As a consequence, many rice varieties with diff erent characteristics have arisen under natural and human selection (Vaughan et al., 2007) . It is commonly recognized that rice has evolved into diff erent types, including upland and paddy rice (Yu and Nguyen, 1994) and glutinous and nonglutinous rice (Olsen et al., 2006) , as well as indica and japonica rice (Zhang et al., 1992; Vaughan et al., 2008a; 
ABSTRACT
To determine genetic differentiation of rice (Oryza sativa L.) across a latitudinal gradient, a total of 386 rice varieties, fi ve African rice varieties, and 52 wild rice accessions mainly from a wide range of Asia were analyzed using insertion and deletion (InDel) molecular markers. Principal component analysis divided rice into two distinct groups, although African rice and wild rice did not show such grouping. Results indicated signifi cant indica-japonica differentiation of rice adapted to a wide range of environments, contrasting with African rice and wild rice. Analysis of the geographic distribution indicated a clear pattern for different types of rice, in which indica varieties were found across a wide range of latitudes from ~2° S to 40° N and japonica mostly limited to latitudes greater than 15° N. Most intermediate types were distributed in regions at latitudes lower than 27° N. Correlation between rice types and temperature along the latitude gradients suggested that indica varieties are less sensitive to temperature along the latitude ranges but japonica varieties are highly sensitive to temperature. The distribution and differentiation of various types of rice across the large latitudinal range is most likely the consequence of their adaptation to ecological and environmental factors, especially temperature. This, together with the accurate determination of indica and japonica types has important implications for hybrid rice breeding through selecting properly differentiated parents.
important diff erentiated types. Therefore, rice scientists have recognized the two divergent types as subspecies: O. sativa subsp. indica Kato and O. sativa subsp. japonica Kato (Kato et al., 1928) between which various degrees of reproductive isolation have developed. The isolation is manifested by the degree of sterility in F 1 hybrids between the two subspecies (Oka, 1974; Zhang et al., 1994) . Obviously, indica and japonica represent two partially isolated gene pools that serve as extremely valuable genetic resources in the improvement of rice varieties (Vaughan et al., 2008a) . Being adapted to different environments, indica and japonica varieties have developed diverse morphological, agronomical, physiological, and molecular characteristics (Morishima and Oka, 1981; Sano and Morishima, 1992; Zhang et al., 1992; Lu et al., 2009 ) that provide valuable genetic resources for breeding highyielding rice (Khush, 2001; Peng et al., 2004) . However, efficient utilization of such resources relies on understanding the genetic diff erentiation and geographical distribution patterns of the varieties and the underlying bases of such patterns.
Although extensively cultivated under diff erent environmental conditions across the globe, indica and japonica varieties are understood to be adapted to diff erent planting areas where they perform optimally in terms of yield. Geographically, indica rice is known to be commonly found in tropical and subtropical rice planting regions, whereas japonica varieties are restricted to more temperate regions (Vaughan et al., 2008a; Lu et al., 2009) . Previous studies have indicated that the diff erentiation of indica and japonica rice is a continuous process, and apart from the extreme indica and japonica types, between which the F 1 hybrids usually exhibit strong sterility, some varieties show intermediate diff erentiation between the two extreme types (Morishima and Oka, 1981; Sano and Morishima, 1992) . The intermediate types do not show such strong reproductive isolation as the extremely diff erentiated types (Kato et al., 1928; Morishima et al., 1992) . Interestingly, most wild relative species in the genus Oryza also show limited diff erentiation for indica and japonica characteristics, as revealed by morphological, biochemical (Oka and Chang, 1962; Morishima et al., 1992; Sano and Morishima, 1992) , and molecular marker variation (Zhao et al., 2008; Lu et al., 2009; Xiong et al., 2010) , indicating that the intermediate types might represent genetically primitive varieties that can be used as a bridge between the two extreme types in rice breeding programs. In addition, the extensive genetic diff erentiation between indica and japonica coupled with the availability of at least some degree of fertility can be utilized in rice breeding to generate new genetic recombinants. Also, properly combined indica and japonica parents with the appropriate level of diff erentiation can produce F 1 hybrids with both strong heterosis and much increased fertility, exploiting opportunities for breeding high-yielding hybrid rice with inter-subspecies heterosis.
Despite the empirical knowledge of indica-japonica differentiation associated with geographical distribution, little is known about the ecological circumstances under which it has arisen during the evolution of this crop. This is because the methods used to eff ectively determine diff erentiation of indica and japonica rice varieties are limited more or less to morphological and physiological characterization, for instance the Cheng's index based on six traits (Cheng et al., 1984) . The morphologically based methods in particular are infl uenced by the environment and are quite resource intensive, in addition to being time consuming. Given the geographical preferences in tropical or temperate environments (Vaughan et al., 2008a (Vaughan et al., , 2008b , it may be hypothesized that the distribution of indica and japonica rice varieties is primarily linked to diff erences in temperature. However, this hypothesis can be tested only on the basis of the known distribution patterns of indica and japonica rice as determined by an accurate and effi cient tool for identifi cation.
Recently, based on the diff erences in insertion and deletion (InDel) DNA fragments generated through BLASTing (basic local alignment search tool) between total genomic sequences of the typical indica rice variety 93-11 and japonica rice Nipponbare (Shen et al., 2004) , Lu et al. (2009) have developed an "InDel molecular index" that applies InDel fi ngerprints from 34 loci across the rice genome to accurately and effi ciently identify indica and japonica rice varieties. This method has made the study of indica-japonica diff erentiation in a large set of rice germplasm entirely feasible without the infl uence of the experimental environments where the rice is grown for the study. In addition, it is possible for the fi rst time to characterize indica-japonica diff erentiation quantitatively using the InDel frequency (ranging between 0 and 1) of indica-or japonica-specifi c alleles from across the rice genome because the I-or J-allelic frequencies (F i or F j ) can be calculated (for details see Lu et al., 2009; Xiong et al., 2010) .
We have acquired 443 rice samples, including cultivated and wild rice species from a wide geographical range in Asia, in addition to other continents. The InDel molecular index was used to characterize indica and japonica types within the set of rice germplasm. The primary objectives were to (i) determine diff erentiation of rice varieties across a wide geographical distribution in Asia, using wild rice species that are usually intermediate types for indica-japonica traits as a reference; (ii) analyze relationships of the indica-japonica rice varieties and their spatial distribution across a wide range of latitudes; and (iii) investigate associations of temperature with the distribution of the diff erent types of rice along the latitude gradients. The knowledge has practical implications for rice breeding, in addition to furthering our understanding of the evolutionary process of Asian cultivated rice.
MATERIALS AND METHODS

Plant Materials
A total of 443 rice samples were characterized in this study. These included 386 varieties of Asian cultivated rice from rice planting
Polymerase Chain Reaction Amplifi cation and Electrophoresis
Polymerase chain reaction (PCR) was performed in 20 μL of a mixture containing 50 ng template DNA, 2 μL of 1 mmol L −1 MgCl 2 , 1.5 μL of 10 mmol L −1 of each forward and reverse InDel primer pair (Shanghai Sangon Biological Engineering Technology & Services Co., Ltd., Shanghai, China), 1.5 μL of 2.5 mmol L −1 dNTPs, and 0.5 μL of 5 U μL −1 of Taq DNA polymerase (TaKaRa China Inc., Dalian, Liaoning), with volume adjusted using triple distilled de-ionized H 2 O. Polymerase chain reaction amplifi cations were performed in a PTC-200 thermocycler (Bio-Rad Laboratories, Inc., Hercules, CA). The amplifi cation profi le consisted of denaturation at 95°C for 4 min, followed by 36 cycles of 94°C for 40 s, 55°C for 30 s, and 72°C for 40 s, plus a fi nal extension at 72°C for 10 min.
Polymerase chain reaction products were resolved by electrophoresis on a 4% denaturing polyacrylamide gel. After separation, electrophoresis bands were revealed using a modifi ed areas across a wide geographical range of latitudes from 2° S to 47° N (Table 1 and Fig. 1 ). To avoid the infl uence of altitude, which could also aff ect the distribution and diff erentiation of diff erent types of rice, we sampled all the rice varieties grown at altitudes lower than 100 m, to focus mainly on the variation of rice varieties at one altitudinal level. The eff ect of altitude on rice distribution and diff erentiation has been well addressed in a separate study (Xiong et al., 2010) , although it could still be interesting to study the interaction between altitude and latitude with regard to indicajaponica rice diff erentiation. The countries of origin and locality information of all the rice varieties are indicated in Appendix 1. Two varieties, 93-11 and Nipponbare, that have been used for genome sequencing were included as standards representing typical indica and typical japonica, respectively. Varieties were mainly sampled from East and Southeast Asia, following the latitudinal gradient that was categorized into nine zones. Each zone covered a latitudinal range of 5°, except for the lowest zone that included the region lower than 5° N and highest zone that included the region higher than 40° N (Fig. 1 ). These zones were named as Range-1 to Range-9 (R1-R9, see Fig. 1 
DNA Extraction and InDel Primer Selection
Seeds of rice varieties and wild rice accessions were germinated in petri dishes with moist fi lter paper and placed in a dark chamber with a constant temperature of 37°C. After germination, seedlings were transferred to a growth chamber with a constant temperature of 25°C with a day length of 14 h. The total genomic DNA was extracted from fresh leaf tissues of seedlings at the three-leaf stage following the modifi ed CTAB method described by Cai et al. (2007) . One seedling of each variety or accession was included for DNA extraction, given that no considerable variation was observed among individuals of a variety in terms of indica or japonica characteristics (Xiong et al., 2010) . Thirty-four InDel primer pairs that can eff ectively identify indica and japonica rice varieties and reveal indica-japonica diff erentiation ) were used for analyses of all rice samples. silver staining procedure (Cai et al., 2007) . The fi xed gel was washed twice with double-distilled de-ionized H 2 O and then placed into 200 to 400 mL of a 0.1% AgNO 3 solution to stain for 10 to 15 min. The stained gel was washed twice with 200 to 400 mL of double-distilled de-ionized H 2 O, and then placed in a 1.5% NaOH solution (about 200-400 mL) containing 0.4% formaldehyde for about 10 min to obtain visible DNA bands. Photographs were taken from electrophoresis gels using a digital camera (Sony Inc., Minato, Tokyo).
Data Analysis
Data Scoring
InDel molecular markers were bimorphic and codominant; therefore, the banding patterns scored from electrophoresis were determined as either of the homozygous indica genotype (II), homozygous japonica genotype ( JJ), or heterozygous indica-japonica genotype (IJ). Banding patterns of the sequenced indica variety (93-11) and japonica variety (Nipponbare) were used as references for determining the indica or japonica genotype, respectively, at a particular InDel locus (for details see Lu et al., 2009 ).
Genetic Differentiation
For analyzing genetic relationships of all rice varieties and wild accessions, genotype banding patterns were converted to a binary (0, 1) data matrix, applying the method of Xia and Lu (2009) . The binary data matrix was subjected to a principal component analysis (PCA) and the scatter plot was generated based on the factor scores of the fi rst two principal components. All the analyses were conducted using the software SPSS ver. 15.0 for Windows (SPSS Inc. Chicago, IL; http://www.spss. com). To determine genetic relationships, Nei's genetic identity (Nei, 1978) among rice varieties representing diff erent latitude ranges was calculated by POPGENE ver. 1.31 (Rohlf, 1994) . To partition genetic diff erentiation of rice varieties within and among latitude ranges, an analysis of molecular variance (AMOVA; Excoffi er et al., 1992) was performed using the software GenAlEx ver. 6.2 (Peakall and Smouse, 2006) .
Geographical Distribution of Rice Types
Identifi cation of rice varieties and wild rice accessions for their indica or japonica characteristics was implemented based on the frequencies of indica-specifi c alleles (F i ) or japonica-specifi c alleles (F j ) across the 34 InDel loci, following the method developed by Lu et al. (2009) . Given that diff erentiation of indica and japonica is likely to be a continuous process, we arbitrarily assigned the rice varieties into three types based on the frequency (F i ) of indicaspecifi c alleles: (i) indica when F i was larger or equal to 0.75; (ii) japonica when F i was lower or equal to 0.25; and (iii) intermediate type when F i was between 0.25 and 0.75. The geographical distribution of the three types of rice with a particular value of F i was plotted against their localities at diff erent latitudes.
Correlation between Rice Types and Temperature
To estimate relationships between temperature and latitude across the rice sampling region (2° S to 44.5° N), correlation of the average temperature with latitudes over 30 yr during the rice planting season (April-October) at 17 sites was analyzed using the general linear model (GLM). The temperature data were collected from weather stations (China Meteorological Data Sharing Service System, http://cdc.cma.gov.cn/) and weather reports on websites from Papua New Guinea, Malaysia, and Indonesia (http://www.oopooo.com) (for details see Appendix 2). To estimate relationships between temperature (as calculated from the weather stations) and distribution of the three types of rice (indica, japonica, and intermediate), correlation of the average temperature from nine relevant latitude ranges against the percentage of alleles for the particular type of rice was analyzed using the quadratic regression model (QRM) and general linear model (GLM). The analyses were performed using the software SPSS ver. 15.0.
RESULTS
Genetic Differentiation of Cultivated and Wild Rice Samples
A data matrix based on the InDel fi ngerprints was subjected to PCA for estimating genetic diff erentiation in the 391 cultivated rice varieties and the 52 wild rice accessions. The fi rst two principal components were extracted for scrutiny because they contributed 69.95% of cumulative variance. The scatter plot based on these two components demonstrated a clear pattern of a three-group classifi cation (Fig. 2) . The plot showed that nearly all Asian rice varieties were clustered in two distinct groups along the fi rst principal component (explaining 61.44% of the total variation) with either positive or negative factor scores.
Only a very few rice varieties were scattered between the two major groups with extremely low factor scores along the fi rst component, indicating the considerable genetic diff erentiation in Asian cultivated rice revealed by the InDel fi ngerprints. The fi ve African rice varieties and nearly all wild rice accessions (except for one O. rufi pogon accession) were distributed between the two major groups of Asian rice along the fi rst component; all were clearly Figure 2 . Principal component analysis scatter plot generated from the fi rst two principal components including 391 cultivated rice samples and 52 wild Oryza accessions. In the plot, three major groups can be identifi ed (two for Asian cultivated rice and one for the remaining samples separated from the Asian cultivated rice along the second principal component as well (explaining 8.51% of the total variation) (Fig. 2) , suggesting further diff erentiation and distinctiveness of the Asian cultivated rice from the wild rice accessions coupled with the African rice varieties. For estimating genetic relationships of cultivated rice across the latitudinal gradients, the pair-wise Nei's genetic identity between groups of rice varieties from diff erent latitudinal ranges (R9 to R1) was calculated. Results showed considerably variable genetic relationships among the nine rice groups from the nine associated latitude ranges ( Table 2 ). As might be expected, rice groups from contrasting latitudinal ranges generally had a more distant genetic relationship compared with those from neighboring latitudinal ranges. It was evident that rice groups within the two low-latitude ranges (R8 and R9) showed a close genetic relationship, as did the groups from the remaining seven medium-to high-latitude ranges (R1-R7). However, AMOVA of all rice varieties from diff erent latitude ranges indicated 65.5% of variance within rice groups from the same latitude range and 34.5% of variance among rice groups from diff erent latitude ranges (Table 3) .
Differentiation of Asian Rice and O. rufi pogon across the Latitude Range
The type of each rice variety and accession of the O. rufipogon complex (including O. nivara) was determined based on the average frequency (F i ) of indica-specifi c alleles at the 34 InDel loci. On this basis, 186 indica rice varieties, 165 japonica rice varieties, and 35 intermediate types could be identifi ed. The 33 accessions of the O. rufi pogon complex were all determined as equivalent to the intermediate type. The proportions of the diff erent types of rice, as determined by the InDel molecular markers, varied considerably within the same latitude range. In general, the proportion of japonica rice varieties increased with increasing latitude, and that of indica rice varieties decreased with the increase of latitude (Fig. 1) . The latitudinal distribution of the diff erent types of cultivated rice and accessions of wild rice species was plotted according to their frequencies (F i ) of indica-specifi c alleles. The results (Fig. 3) revealed a tendency for the japonica rice varieties to be distributed at the middle to high latitudes from approximately 15° N to 48° N, whereas the indica rice varieties occurred at the middle to low latitudes from ~2° S to 40° N, indicating the general association of indica and japonica varieties with different latitudes. The intermediate types were distributed at the middle to low latitudes, with many found in regions at latitudes around 5° N to 27° N. All accessions of the <5° N) R8 (5-10° N) R7 (10-15° N) R6 (15-20° N) R5 (20-25° N) R4 (25-30° N) R3 (30-35° N) R2 (35-40° N) R1 (>40° N O. rufi pogon complex were intermediate types regardless of their locations at middle to low altitudes (Fig. 3) .
Distribution of Cultivated Rice and Temperature Change along Latitude Gradients
The relationship between average temperature at 17 sites with available climate data and their latitudes was analyzed using GLM. As expected, results indicated a signifi cant negative correlation between temperature and latitude (R 2 = 0.956; P < 0.01) (Fig. 4) . The average temperature during the rice-growing season decreased as the latitude increased (a latitudinal increase of one degree accounted for a 0.483°C temperature increase). This relationship was used to further examine the link between temperature and the spatial distribution of the diff erent types of rice (i.e., indica, japonica, and intermediate).
We undertook a quadratic regression analysis to determine the relationship between the proportion of indica rice varieties sampled from diff erent latitude ranges and the average temperature for the corresponding latitude ranges (Fig. 5 ). Up to a point, with increasing temperature (and decreasing latitude) the proportion of indica rice increased. However, this increase peaked at around 26°C (corresponding to 30° N) and thereafter decreased with further increase in latitudinal temperature (R 2 = 0.731, P < 0.01). This result indicated that the distribution of indica rice was not consistently correlated with the change of temperature. In contrast, the regression analysis of the proportion of japonica rice varieties from diff erent latitude ranges and average temperature in the corresponding latitude ranges (Fig. 6) showed a highly signifi cant negative correlation (R 2 = 0.666, P < 0.01). This result confi rms that japonica rice, usually grown in temperate regions, is highly sensitive to the change of temperature in terms of its geographical distribution across diff erent latitudes. The intermediate type of cultivated rice is also sensitive to temperature. In the region with temperatures lower than 20°C, virtually no or an extremely low number of intermediate types of rice was found (Fig. 7) .
DISCUSSION Genetic Differentiation of Cultivated Rice in Asia
We have detected considerable genetic diff erentiation in the rice germplasm (including wild rice accessions) obtained from a wide geographic range, based on the variation patterns of the InDel fi ngerprints at the 34 loci across the rice genome. Given the unique features of the InDel fi ngerprints , the variation detected in the rice germplasm should be closely associated with indica-japonica diff erentiation. The variation pattern in our rice germplasm generally agrees with the previous studies of genetic diff erentiation in rice, particularly for the indica and japonica traits of the samples (Zhang et al., 1992; Sun et al., 2002; Zhu et al., 2004; Lu et al., 2009; Xiong et al., 2010) . Therefore, InDel molecular fi ngerprinting provides an important tool for an overall quantitative assessment of indica-japonica diff erentiation in other uncharacterized rice germplasm from a wide geographical range.
We found that rice varieties from a wide area of East and Southeast Asia demonstrated signifi cant indica-japonica diff erentiation, although some varieties had only limited diff erentiation and were categorized as intermediate types. However, neither African cultivated rice nor wild Oryza species were found to have such indica-japonica diff erentiation. InDel molecular fi ngerprints can therefore be applied to identify the presence, if any, of indica-japonica diff erentiation of wild rice species at the genomic level, which has previously been impossible by means of the traditional Cheng's index or other related technologies because morphological characters of , proportion of indica rice. In the equations, I represents the proportion of indica rice and T represents mean temperature.
wild rice species do not follow the variation patterns of cultivated rice used for indica and japonica identifi cation.
We determined that our wild rice species were more or less intermediate types with no apparent indica-japonica diff erentiation, despite some authors reporting "indica-" or " japonica-" like diff erentiation in wild Oryza species such as O. rufi pogon (Second, 1985; Sun et al., 2002) . We believe that possibly the diff erent wild rice samples, but more likely the types of molecular markers used in these studies resulted in the confl icting views. The assumption from our results must be that, rather than having been infl uenced by any particular human selection for indicajaponica agro-ecological traits, the rice species have only been exposed to the natural selection prevailing in the regions of South and Southeast Asia. This demonstrates that human selection must function as an important driving force for indica-japonica diff erentiation that is not found in wild rice. In addition, indica-japonica diff erentiation of African cultivated rice was lacking in this study and others (Vaughan et al., 2008a (Vaughan et al., , 2008b . African cultivated rice has a much narrower geographical and particularly latitudinal distribution than Asian cultivated rice, and domestication has not taken place across equivalently large latitudinal and temperature ranges (Vaughan et al., 2008a) . However, other possibilities such as lack of appropriate diversity in the African rice gene pool, human selection, and early farmer acceptance of diff erent types of rice could also limit genetic diff erentiation in African rice. This contrast emphasizes the essential eff ect of domestication history, geographic variation, and human selection on the diff erentiation of indica and japonica rice in Asia.
Distribution of Different Types of Rice across a Wide Latitude Range in Asia
Our results based on InDel molecular marker variation indicate that the majority of rice varieties are diff erentiated into either indica or japonica types. Their distribution shows a clear pattern of indica varieties being cultivated in regions of lower latitude than japonica varieties. This distribution pattern agrees in general with our empirical knowledge of rice distribution in Asia Vaughan et al., 2008a Vaughan et al., , 2008b Wei et al., 2009 ). However, we have identifi ed a number of genetically intermediate varieties distributed at more or less middle latitudes. Some of these obtained from Southeast Asian countries were identifi ed as javanica (also referred to as tropical japonica) by the International Rice Genebank Collection Information System of IRRI (http://www.irgcis.irri.org:81/grc/SearchData.htm; verifi ed 18 Jan. 2011) and the Hunan Hybrid Rice Research Center (Xiao and Yuan, 2009) . The F i value of these javanica varieties is close to 0.25 which is the artifi cial boundary between japonica and the intermediate types in our study. Two points arise from this fi nding. First, javanica varieties are less well diff erentiated from japonica rice than from indica rice. In other words, javanica rice has a closer genetic relationship to japonica than to indica rice. This conclusion supports previous studies using other types of molecular markers such as isozymes, nuclear SSRs, and chloroplast sequences (Glaszmann, 1987; Garris et al., 2005) . Second, as a comparatively intermediate type, javanica rice is less differentiated from japonica and indica rice than either is from each other, suggesting that javanica rice may have potentially greater compatibility and fertility for producing new high-yielding hybrids in rice breeding programs than is achievable directly using indica-japonica crosses. This point gains support by studies of Xiao and Yuan (2009) .
Geographically, indica rice is distributed more widely in Asia from low latitudes to high latitudes than japonica or the intermediate types, and this may indicate that its distribution pattern is generally not as infl uenced by temperature. However, japonica distributed predominantly in areas of high latitude in East Asia is certainly more sensitive to temperature (Wei et al., 2009 ). The intermediate type of rice is mostly distributed in Southeast Asia at latitudes no higher than 27° N, suggesting that it is sensitive to temperature too. Knowledge of such a geographical distribution pattern of diff erent types of rice across a wide latitude range in Asia can serve as a useful guide for introducing rice to a particular region either for direct cultivation or use as a genetic resource in rice breeding.
The Value of Determining indica-japonica Differentiation for Rice Breeding
A greater understanding of indica-japonica genetic diff erentiation and more accurate determination of indica or japonica characteristics in Asian rice will have important implications in rice breeding in two respects. First, when creating novel genetic variation through hybridization between rice varieties, it is often regarded as being important to reliably select genetically more distant parental varieties, particularly in terms of indica-japonica diff erentiation. Such parent selection can now be easily achieved using the InDel molecular index to determine the actual extent of such diff erentiation. By doing so, breeders can obtain more genetic recombinants through wide segregation in diff erent generations of hybrid populations derived from crossing genetically more diverse rice varieties, such as typical indica and japonica. More importantly, the accurate identifi cation of indica and japonica rice varieties applying the frequency (F) of indica-or japonicaspecifi c alleles across the 34 InDel loci provides an excellent opportunity for selecting ideal rice parents for hybrid production, utilizing inter-subspecifi c heterosis (hybrid vigor). Before the availability of the InDel molecular index, the limit to utilizing indica-japonica inter-subspecifi c hybrid vigor was the diffi culty in striking a balance between hybrid vigor and sterility, because no tool was available to measure the actual genetic diff erentiation between the two parents in terms of their indica-japonica traits. The hybrids are either highly sterile if the two parents are too much diff erentiated, or show reduced heterosis if the two parents are too closely related, albeit highly fertile. Choosing the most appropriate (e.g., intermediate) types of rice varieties with various degrees of genetic relationships to japonica or indica types as parents for hybrid combinations can be a solution. The intermediate types of varieties have the potential to be cross-compatible and to produce highly fertile F 1 hybrids, and hence could be used as elite germplasm in breeding indica-japonica hybrid rice with higher levels of heterosis and fertility.
The value of such an approach has been highlighted previously although the mechanisms were not fully addressed. The yield performance of hybrids between javanica and indica was better than those of indica-indica and javanica-javanica combinations (Virmani, 1994 (Virmani, , 1998 Peng et al., 1998) . This actually demonstrates the importance of suffi cient genetic diff erentiation of parents for yield performance of hybrids. To further enhance yield heterosis, IRRI developed NPT (new plant type)-TJ (tropical japonica) lines that were based on tropical japonica ( javanica) germplasm. Consequently, three varieties originating from the germplasm have been released for general cultivation to farmers in Yunnan, China. Field trials have confi rmed that these varieties yield around 13 Mg ha −1 -a yield much higher than previously existing local cultivars . In fact, the indica-tropical-japonica hybrids are expected to have even stronger (20-25%) heterosis or a yield potential of 15 Mg ha −1 (Khush and Aquino, 1994) , if appropriate hybrid combinations can be made based on the accurate genetic information of the parents measured by an eff ective tool. In addition, after more than 10 yr of studies on fi eld performance of indicajaponica, indica-javanica, and japonica-javanica hybrids in Hunan province, China, Xiao and Yuan (2009) reported considerable variation among the hybrid combinations in diff erent agronomical traits, such as plant vigor, seed production, yield, and sterility. In that report, the japonica-javanica hybrids showed some degrees of hybrid vigor and nearly perfect fertility, supporting our proposals well. Therefore, the degree of indica-japonica genetic diff erentiation in parents plays a very important role in hybrid performances. How to strategically select parents that can produce the most favorable hybrids has remained elusive until now. Applying the InDel molecular index can help to achieve this on a greater scale by accurately selecting ideal parents and designing the best hybrid combinations.
In temperate rice-growing countries such as Japan, Korea, Egypt, Italy, and northern China, hybrid rice technology has not been very successful so far. The major constraint is the limited extent (up to 10%) of heterosis in japonica-japonica crosses. Hybrids derived from improved tropical japonica lines and locally bred temperate japonica lines with a higher degree of genetic diff erentiation may show better performance than temperate japonica-japonica hybrids (Virmani and Kumar, 2004) . Well designed studies on this need to be performed in tropical and temperate rice-growing countries. Such subspecifi c hybrids may yield signifi cantly higher than indica-indica and japonicajaponica hybrids. For japonica rice-growing countries (such as Japan, South Korea, and Egypt), IRRI has also proposed exploring the prospects for exploiting heterosis in tropical japonica-temperate japonica crosses. No matter which breeding strategies are selected, the employment of the InDel molecular index may well prove to be an eff ective tool to facilitate hybrid rice breeding by maximizing heterosis between diverse parental germplasm, and work is currently underway to confi rm this eff ectiveness.
